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ABSTRACT 
Spatial decay propert ies of potent ial were s tudied for hor izontal ce l l  re sponses  to a 
sma l l  spot of monochromatic l ights .  The responses  of L-type · hor izontal c e l l s  spread 
late ra l ly attenuat ing in ampl i tude with d i s tance ;  The ir spatial d i s tr ibut ion was a lways 
hype rpo lar iz ing and be l l - formed around the record ing s it�, though it was affec ted by l ight 
intens ity and wave length. On the othe r hand, the spatial d i s tr ibution of C-type hor i zon­
tal ce l l  responses  was monophas ic or b iphas ic depending upon the wave length of the l ight 
spot. These  spatial propert ies of hor i zontal ce l l  responses  were we l l  exp la ined by the 
compos ite d is tr ibutions of d i ffe rent type receptor inputs and some nonl inear  inte ractions 
among the re sponses .  
1 . INTRODUCTION 
In vertebrate ret ina, hor izontal c e l l s  are second orde r neuron wh ich responds to l i ­
ght with a s low, graded potential .  According to spec tral response propertie s ,  hor izonta l 
ce l l s  are ma inly c lass if ied into two type s ;  the L-type re sponds to l ight of any wave len­
gth by hyperpo lar ization and the C- type doe s by hyperpolar ization or  depolar i zat ion de­
pending upon wave length. 
From ear ly s tudy of hor izontal c e l l  re sponses ,  it was noticed that the receptive f ield 
was far broader than the dendri t ic  f ie ld. Late r, e lec tr ical coupl ing among ad jacent ce l l s  
was demonstrated in  L-type hor izontal c e l l s  as the mechan isms respons ible for the wide 
(24). (32) 
spread of the response . The spatial spread of the response was extens ive ly s tud ied 
for L-type hor izontal ce l l s ;  the re sponse spread among the hor izontal c e l l s  attenuat ing 
• a a m •  
with d is tance accord ing to a exponential decay or  othe r mathematical functions . 
From these  results ,  it was conc luded that a row of hor izontal ce l l s  behaves e lectr ical ly 
as if it was equ iva lent to a laminar conduct ing mid ium bounded by a pa ir  of para l l e l  h igh 
res i s tance membrane s and any potential change ar i s ing with in a hor izontal ce l l  laye r propa ­
gated pas s ive ly accord ing to a decay func tion 1211 • In the contrary, the re are few s tudies  
about spatial propert ies  of C- type hor izo'ntal ce l l s  and we have l i ttle knowledges about 
them. The a im of th is  s tudy is  to inve st igate the spatial spread of hor izontal ce l l  res ­
ponses  to sma l l  spot of monochromatic l ights, e spec ia l ly that of C-type hor izontal ce l l  
re sponses .  
2 . METHODS 
All exper iments in th i s  s tudy were pe r formed on the ret ina of the three years o ld 
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carp ( Cypr inus carp io ) .  Carp was put in a fu l ly darkend tank mo re than 2 hour s  be ­
fore expe r iments . The carp was took from the wate r and immed iate ly k i l led by de s truc ­
tion of i ts  central  neurvous sys tem. Eyeba l l s  we re enuc leated, . then cut into ante r io r  
and po s te r io r  halve s with a razo r b lade . A t  the cu t  edge of the pos te r io r  ha l f, the ret ina 
was fixed to s c lera  by h inge - l ike pec ie s  of  t i s s e  paper  not to de tach the re t ina from p ig­
ment ep i the l ium. V i treous humo r was care fu l ly removed from the ret inal sur face .  The 
eyecup preparat ion was put on an Ag- AgC l  ind i ffe rence e lec trode . No gas s e s  we re supp­
l ied fo r the eyecup in the expe r iments .  A l l  expe r iments we re pe r formed in room tem­
pe rature  o f  1 6 -2 1 " C .  
F ine g las smicrop i pe tts f i l led w i th 2 . 5  Mol  pota s s ium acetate and hav ing re s i s tance 
about 100 MQ we re advanced into the re t ina from vitreal  sur face rough ly up to ho r i zon­
ta l c e l l  laye rs  ( about 200 ,u rn )  and care fu l ly in the laye rs .  To fac i l i tate the penetra­
t ion o f  the g las smic rop ipetts into the c e l l s ,  a jo l te r  wh ich was mod i f ied a loud speake r (�!) 
was used . The photore sponses  of the c e l l s  we re amp l i f ied and s to red on a magne t ic  tape 
by a FM tape recorde r .  
Two d i ffe rent l ight s t imu l i  we re used in the expe r iments .  One was movab le spot of 
monochromatic l ights . Paral l e l  l ight beam from a xenon lamp was pas sed through co ld 
f i l te r s  to e l iminate infrared component and mu l t i -coated inte r fe rence f i l te r s to obta in 
monoch romat ic  l ights wi th about 1 0  nm ha l f  band. Image of  a c i rcu lar  ape r ture  i l lumina­
ted by the monochromatic l ights we re focused on re tina by achromat ic  len s e s .  A gal ­
vano scope was se t  r ight up the re t ina and dr iven by a sawing wave so  that the l ight spot 
ran in a cons tant speed on the re t inal  sur face .  L ight intens i ty was attenuated, ins e r­
t ing ND fi 1 te r s  in 1 ight path, to be equal photons among the monochromatic 1 ights .  The 
max imal  intens i ty of .the monochromat ic  l ights we re ident ica l ly  1 . 0  X 10 '  photons /11 m2/ 
sec .  We  fur the r attenuated the intens i ty from th i s  va lue ( 0  Log ) by othe r N D  f i l ters  
in loga r i thmic un i ts .  Anothe r l ight source  was a d i sp lay composed o f  1 99  l ight emitt ing 
d iode s ( LEDs ) wh ich we re ar rayed in a honeycombed patte rn. The LED d i sp lay was 
se tted in front of  a came ra lens ( Pen tax, 6 X 7, f= 135mm, Asahi  Kogaku, Tokyo ) and the 
condensed image was focused on re t inal  sur face .  The LE D components we re numbe red 
convent iona l ly  f rom 1 to  1 99, f rom the central  to the pe r iphe ral  in counte rc lockwi se  man­
ner .  F ig. 1 shows the inve r ted image of  the LE D d i sp lay 'N i th numbe red components on 
the ret inal  sur face ,  a l though the o rde r of  a hundred i s  e l iminated from the numbers .  
Red  LEDs  ( S iemens ,  LD52 ) masked wi th a short-cut  red  f i l te r  ( Co rn ing, C.  S .  No .  2-58 ) 
and ye l low LEDs ( S iemens ,  LD  57C ) masked with a blue-green f i l te r  ( Corn ing, C .  S .  
No. 4 - 76 ) we re used for red and green s t imu l i , . respect ive ly. A l l  the red LE Ds  and a l l  
the ye l low LEDs  we re ad jus ted so  that the r ed  image s and green  image s had equ i -ene r ­
gy respec t ive ly on the ret inal sur face by contro l ing the amount of the pas s ing current. 
The spectra l  ene rgy of the red image and green image of a LE D component was d i s t r ibu­
ted a round 660 and 560 nm in wave length, respect ive ly. The i r  conve rted numbe r of  pho­
tons at 660 and 560 nm we re 1 . 0  X 10 '  and 1 . 6  X 10'· photons / ,u rn'/  sec .  
The LED components could be f lashed in mannual  way o r  automat ic  way fo l lowing a 
prese t  program. In th i s  expe r iments ,  howeve r,  they we re f lashed s equent ia l ly  from the 
- 68 -
Spectral  and Spat i a l  C od i ng of Ho l i zontal  C e l l  Re sponses  i n  Carp Ret i na 
Kenk i chi  FU K U R O T  ANI and Junsaku Y O SH I D A  
S t i mu l u s  pa t t e r n  
@) � @ 
@ @ @ @ @ @) 
@ @ @ @ @ @ @ 
@ @ @ � ® ® @ @ 
� @ @ @ @ @ @ @ @ 
� @ ® @ @ @ @ @ @ � 
� � § @ @ @ @ @ � @ � 
� 8 @ @ @ § @ @ @ @ 
� re @ � § @ @ @ @ @ @ 
� � @ @ § ® 0 @ @ @ @ 
8 � @ @ 0 ® @ @ @ ® @ 
§ E @ @ B ® 0 @ @ @ @ @ 
� @ @ � � 8 � @ @ @ @ 
@ � � � ® ·�  � @ @ � 
� � @ � � @ @ @ @ @ @ 
@ @ @ 4, , @ r�j'• @ @ @ @ 
� � @ � @ @ @ @ � 
� � @ � @ � @ @ @ � 
� @ ® @ ® @ ® @ @ 
f?) @ @ � @ @ @ @ 
@ @ @ ® @ @ I§ 
� @ @ @ 
® 
l m m 
Fig . 1 . Inve rted image of LED d i sp lay on the retinal surface. C i rc l e s  represent 
the out l i ne of the LED components numbe red 1 - 199, from the central to 
the pe r ipheral ,  a l though the order of a hundred i s  e l iminated. 
f irst  to the 199-th. The response of the photop ic L-type was fas t, so the LEDs turned 
on for 200 msec and off for 600 msec, whi le  those  of the scotop ic L-type and the C-type 
were s low espec ia l ly  in repolar izat ion, the refore ,  they turned on for 200 msec and off 
for 1 200 msec ( see F ig. 2 ) . 
3. RESULTS 
3. 1 .  C i rcu lar synme tr ine s s  of the receptive fie ld of hor izontal ce l l s  
In the carp ret ina, two d i fferent L-type hor izonta l ce l l s  can bee  seen. Photop ic L­
type rece ive s input ma inly from red cone s having spectral maximum at around 620 nm in 
wave length, wh i le  scotopic L-type rece ive s input exc lus ive ly from rods having spectral 
�5) 
maximum at around 523 nm . 
Sample records of re sponses  of photop ic L-type and scotopic L-type hor izontal ce l l s  
to  the sequential flash of LED ·  components are . shown in  F ig. 2 .  From the re sponse am­
pl i tude for each LED component of the d isp lay, we can . see the spatial d is tr ibut ion of 
the decayed re sponse .  F ig. 3 shows the typ ical d i s tr idutions of  25 photopic L-type and 
9 s cotop ic L-type in contour plot where d i s tr ibuted numbers  are re sponse amp l itude to 
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the f lash of  LED components 'lt  the pos i t ion, m units  of  - 0.02 mV for the photop ic L­
type ( e .  g. 70 denote - 1 .4  mV ) and in uni ts  of - 0.05  mV fo r the s cotop ic  L- type ( e .  g. 
45 denote - 2. 25 mV ) . Contour l ines  we re p lo ted by increments of  0.3 mV fo r the phot­
opic L- type and 0.5 mV for the s cotop ic L- type, respect ive ly. The mark ( x )  ind icate s 
the pos i t ion o f  record ing e lec trode t ip. The resu lts ind icate that the recept ive f i e ld of  
L- type ho r i zontal c e l l s  i s  c i rcu lar ly  synmetry around the record ing s ite .  
3. 2 . E ffec ts of  l ight intens i ty on spat ial  decay of  hor i zontal c e l l  re sponse s  
To know the who le profi le o f  the recept ive f i e ld requ i res  much t ime i n  expe r iments 
even though we s t imulate some d i s c re te s amp le po ints .  
A 
Photop i c L 
Scotop i c  L 
Photop i c  
· 3 
• 4 
• 3 
. , 
__j 2 mV 
20 5  
Fig .  2 .  Samp l e  records  o f  L- type hor i zonta l  c e l l  responses  t o  t he seque n t i a l  
f l a sh  o f  l.E D  component s .  
fted l ight and green l ight we re used f o r  the pho top ic  L- typc and sco top i c  
L-type.  respec t ive ly .  
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F ig. 3 .  Spat i a l  d i s t r i bu t i on o f  L- type ho r i zonta l  ce l l  rdsponses .  
Response  amp l i tude for the  LED d i s p l ay we re p l ot ted i n  contour 
p lo t  ( see  Text ) .  
-----• 2  l mm 
Howeve r, the prof i le  o f  the recept ive fie ld in the radia l  d irec tion i s  suff ic ient for the 
who le d i s t r ibution because of c i rcu lar  synme tr ine s s  of the recept ive f i e ld. We used a 
sma l l  te s t  spot moving wi th a cons tant speed ac ros s  the recept ive f i e ld of hor izontal 
c e l l s  pas s ing the t ip of record ing e lec trode.  Obta ined response s  we re s l ightly deviated 
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from the r ea l  profi le by  t ime fac tors  
Photop i c  L 
invo lved in response :  hyperpo lar iz ing 
peak appeared after the spot pas sed the 
r ecord ing s ite ; decay of the hype rpola­
r i z ing phase  before the peak was s teepe r 
than that of repolar i z ing phase afte r the 
M o v i ng spot  Spot d iameter, 0.1 1 4 mm Mov i ng speed . 0.50 mm/sec 
peak; and often a rebound could be seen 
at the repolar i z ing phase .  However, i t  
was a fas t, d irect method to  know the 
cont inuous profi le of the receptive f i led 
and made pos s ible to record re sponses  
from a ce l l  for s t imul i  of  d i ffrent condi - 0 Log 
tions.  
F ig. 4 shows sample records of  photo ­
pic  L-type hor izonta l  ce l l  responses  to 
a spot of 0. 1 14 mm in d iamete r, 620 nm I 0.5 m V 
in wave length, and 0 .41  mm sec in movi­
ng speed. The uppe r record is  for the 
l ight intens ity of - 1  Log, and the lower 
record i s  for 0 Log. To compare the 
receptive fie lds for d i ffe rent l ight in ­
tens i t ies ,  the responses  were digita l i zed 
by an AID-converter ,  smoothed by a d ig i t ­
al  f i l ter ,  and norma l i zed as the peak hy-
Fig. 4 .  Samp le  records of photop ic  L-type hor i zontal 
ce l l  responses to a moving spot. 
perpo lar ization reduced to - L Fig. 5 shows the normal ized re sponses  of L-type hor izont 
al  ce l l s  to the spot of  d i ffe rent intens i t ies  of monochromatic l ight . 620 nm was used for 
the photopic L- type and 520 nm was for scotopic L-type. From the resu lts of F ig. 5, it 
i s  conc luded that the receptive f ie ld of  L-type hor izonta l ce l l s  became broade r  as the 
br ighte r l ight was used. 
A P h o t o p i c  L B. Scotop i c  L 
a. E <( 
Loc a t i o n of t h e>  s p o t  ( m m ) 
-3  -2  - ]  
- 2 Log 
;;! 
.. "C ::J 
50 
a. 
E <( 
F ig. 5 .  Normal i zed responses  of L- type hor i zontal ce l l s .  
Locat i on of t h e>  spot ( mm )  
Light spot was 0. 1 14 mm i n  d iameter and moved with a cons tant speed 
of 0.41 mm/sec at diametr ic  d i rect ion of the recept ive f ie ld. 
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The same propert ies of the receptive 
f ie ld could be obse rved for C- type hor i ­
zontal ce l l s .  For example ,  F ig. 6 shows 
the normal ized re sponses  of a RIG- type 
hor izonta l ce l l  · to the spot of 500 nm in 
wave length. 
Hartl ine reported the s imi lar prope r­
t ies  of geng l ion ce l l s ;  receptive fie ld o f  
gangl ion ce l l s  in the frog ret ina became 
broade r us ing br ighte r l ight for the te s t  
1221 
flash . 
3. 3 . Effects of l ight wave length on spatial 
decay of ho r i zontal cell  re sponses  
F ig. 7 shows the norma l i zed respons ­
es  of L- type hor i zontal ce l l s  for the l ight 
R i G  
a. 
E 4: 
Loca t i on of t he spot ( mm )  
-3 - 2  - 1  0 1 2 3 I I I I I I I I I I I I I I 
F ig. 6 .  No rma l i zed responses of a RIG- type ho r i zontal  
ce l l . 
L ight spot was 0. 1 14 mm in d i ame ter  and moved 
wi th  a cons tant speed of 0 . 4 1  mmlsec .  
spot of diffe rent wave lengthe s .  The l ight intens ity was 0 Log for the photopic L-type 
and - 1 Log for the scotopic L- type, respect ive ly. The results of F ig. 7 ind icate that 
the receptive fie ld of L- type hor i zonta l  c e l l s  became the broader as the more sens i t ive 
wave length was used for the l ight spot. 
F ig. 8 shows re sponses  of a RIG- type ho r i zontal ce l l  fo r the l ight spot of 700, 660, 
620, 600, and 500 nm in wave length. The l ight intens ity of the monochromatic l ights was 
ident ica l ly 0 Log. For 700 nm, the response is depo lar iz ing all ove r the ve rtical  sec­
tion of the receptive fie ld. For 660 nm, the depo lar i zation is  extend ing but a hype rpo­
lar iz ing infl ect ion can be seen near the record ing s i te . The hype rpolar i z ing inflect ion 
grows up rap idly and ove rcomes the depo lar i z ing d i s tr ibution, with dec rements of the wave ­
length from 620 to 500 nm. Because of the var ie ty of spectral re sponse prope rtie s amo­
ng RIG- type hor izontal ce l l s ,  we cou ld see apparent inflect ion for some RIG- type hor i ­
zonta l ce l ls even in  the re sponse to the l ight spot of 700 nm, wh i le we cou ld not any 
inflec tion in the re sponse ,  for some ce l l s ,  to the l ight spot of 660 nm. W ith dec rements 
A.  P h o t o p i c  L B. S c o t op i c  L 
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1 00 
L o c a t i o n  of t h e  spot  ( mm )  Locat i on of t h e  spot  ( m m ) 
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I 
� / I I 
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I ·. /''"' 6 20 nm I I I 
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F ig. 7 .  Norma l i zed responses  of L- type ho r i zonta l  ce l l s  to a m ov i ng spot o f  
d i fferent  wave l engthe s .  
The spot d i ame ter  was 0 . 1 14 mm and the mov ing speed was 0 .4 1  mml sec .  
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Mov i ng spot Spot d iameter. 0.1 1 4  mm 
Mov i ng speed . 0 41 mm/sec 
700nm � 
l o smv 
I 0.5 mV 
660nm 
/\_ _,� I 0.5 mV 
6 20nm � V 
600nm I 0.5 mV 
500 nm -�-� 1 1 mV 
I I I I I I I l I I I l I I I I I I I 
-4 -3 -2 -1 0 1 2 3 4 
Locat i on of the spot ( mm )  
Fig. 8 . Spectral responses of a RIG-type 
hor i zontal c e l l  to a moving spot. 
The responses were witten by a 
pen recorder. 
V / RB 
Mov i ng s pot Spot d i ameter, 0.1 14  mm 
Mov i ng speed, 0 .4 1  mm/sec 
620 nm __ ___. 
600 nm 
l z mv 
570 nm 
1 2 m V  
5 3 0 n m  ! z mv 
500 nm 1 2 mV 
4GO "m
� J 2 mV 
I I I I I I I I I I I I I I I I I I I 
-4 -3 -2 -1 0 1 2 3 4 
Locat i on of t h e  spot ( mm )  
Fig. 9 . Spectral responses  of a Y /RB-type 
hor i zontal c e l l  to a mv ing spot. 
of the wave length of the l ight spot, howeve r, the growing up of the hype rpo lar iz ing m­
flection in the response was commonly obse rved for a ll the R/G-type hor izontal ce l l s  m­
vest iga ted i n  th is  s tudy. 
S imi lar spatial propert ies were a l so  obse rved in Y /RB-type hor izontal c e l l  re spons­
es .  F ig. 9 shows re sponses of a Y /RB-type hor i zontal ce l l  to  the moving l ight spot of  
0 Log intens ity, and 620, 600, 570, 530 ,  500, 460 nm in wave length. The responses  for o  
620, 600, and 570 nm are depo lar iz ing; however, a s l ight inflect ion can be seen near the 
record ing s ite. As the shorte r wave length, 530, 500, 460 nm, was used fo r the l ight 
spot, the hype rpo lar iz ing inflection grows up and h ide s the depo lar iz ing response a l l  
over the receptive fie ld. 
These spatial propert ies of C- type hor i zontal ce l l s  were not inherent to the respon­
se only for the moving st imulus ,  but we could find them in the re sponse to the fixed st i­
mu lus .  It i s  demonstrated in F ig. 10 that C- type hor i zontal cel l  re sponses  change the ir  
po lar i ty for the LED images at the cente r and surround of the receptive fie ld. Re spon-
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s e s  of the RIG- type ho r i zontal c e l l  or the f i r s t, 6 - th, 7 - th and 14- th red LED image s 
wh ich i l luminate some parts of centra l  reg ion of the recept ive f ie ld are hype rpo l a r i z ing, 
wh i l e  r e sponse s  for othe r LED image s wh ich i l luminate some parts of  sur round reg ion 
of the recept ive f ie ld are depo lar i
.
z ing. Responses  of  the Y I R B - type ho r i zontal  c e l l  fo r 
the f i r s t  and 6 - th green LED image s wh ich i l luminate some parts of centra l  reg ion of  
the recept ive f ie ld are hype rpo l a r i z ing, wh i l e  re sponses  fo r othe r L E D  image s wh ich 
i l luminate some parts of  surround reg ion of  the recept ive f ie ld are  depo lar i z ing. 
5 1 0  
I I I I I I I  
RIG 
Y/ RB 
Spot numbe r 
1 5  2 0  2 5  3 0  
I I I I I I I I I I I I I I I I I 
3 5  
I I I 
40 4 5  
I I I I I I I 
Fig .  10 . Responses  of C - type ho r i zonta l  c e l l s  to the sequen t i a l  f l a s h  of LED componen ts ( see  F ig. 1) . 
Red l ight and green l ight was used for  the RIG- t ype and Y/RB- type, respe c t ive ly .  
C - type ho r i zontal c e l l  response s  are  
composed of  hype rpo lar i z ing and depo la­
r i z ing components .  The obta ined resu ­
l ts  of F igs .  8 and 9 ind icate a spat ia l  
mode of  inte ract ions between R and G 
components of RIG- type hor i zontal c e l l  
response s ,  and be tween Y and B compo­
nents o f  Y I R B - type ho r i zontal c e l l  r e s ­
ponses .  A d i ffe rent mode of inte rac ­
t ions we re found be tween R and Y com­
ponents of Y I R B - type hor i zontal ce l l  
respons e s .  F ig. 1 1  shows re sponse s  o f  
a Y IRB- type ho r i zontal ce l l  to the mo ­
ving l ight spot of - 1  Log intens i ty. 
The re sponse i s  hype rpo lar i z ing a l l  ove r 
the recept ive f ie ld fo r 700 nm as  we I I  
as 460 nm. I n  the contrary wi th the 
monophas ic d i s tr ibut ion, the d i s t r ibut ion 
fo r 660 nm i s  biphas ic  and depo l a r i z ing 
infl ec t ion can be seen  near the record­
ing  s i te . The  depo lar i z ing inflec t ion 
grows up and then ove rcome s  the hype r ­
polar i z ing R component, wi th dec remen­
ts of the wave length from 660 to 570 nm. 
Y / R B  
Mov i ng spot  S po t  d i ameter. 0.1 1 4 mm 
M o v i ng sp eed . 0.45 mm/sec 
700nm � � 1 m V 
660 nm �
---- � 1 m V 
57 0 nm �.........__ � 2 m V  
4 6 0 n m  
I I I I I I I I I I I I I I I I I 
- 4  -3 -2 - 1 0 1 2 3 4 
Loca t i on of the  spc t ( mm )  
F ig. 1 1 . Spec tra l  responses  o f  a Y / R B- type ho r i zonta l  
ce I I  to a mov i ng spot .  
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I t  is  inte rest ing that the receptive fie ld of  C- type hor izontal ce l l s  has  center- surro­
und antagon ism for some monochromatic l ights though it i s  not complete as that of b ipo­
lar ce l l s  o r  gangl ion ce l l s .  Furthe rmore ,  Rl G- type hor izontal ce l l s  show co lour oppon­
ency only in the surround-response ,  whi le  Y IRB-type hor izonta l  ce l l s  show co lour oppon­
ency in both cente r - response and surround-re sponse .  
4. DISCUSSION 
4. 1 . Spatial spread of  hor izonta l  ce l l  re sponses  
The spatial d i s tr ibution of  hype rpo lar iz ing response of L-type hor i zontal ce l l s  was 
monophas ic and be l l - formed. Any inflections could not be found near the record ing s ite . 
The spatial d i s tr ibut ion was c i rcular synmetry around the record ing s ite . Morpho logi ­
cal ly, it i s  known that hor izontal ce l l s  have a long dendr ite extend ing to inne r neuc lear 
(33) 
layer ;  the dendr it ic fie ld i s  apparently out of  c ircular synmetr ine s s  . The obta ined resu-
lts of  th i s  s tudy indicate that the e lectr ical  coupling among adjacent hor izontal cel ls  i s  
so t ight that the ir  dendr it ic figure i s  h idden, and the e lectr ical coupl ing has  no  d i rectio­
nal se lectivity. It  was reported that the e lectr ical coupl ing among hor izontal ce l l s  of  
the tige r salamander was very t ight in  sp i te of the ir course d i s tr ibution in the re tina. 
4. 2 . Spatial  spread of input from s ingle type receptor  
Photop ic  L-type hor izontal ce l l s  rece ive inputs ma inly from red cone s ,  and scotopic 
L-type hor izontal ce l l s  rece ive input exclus ive ly from rods in the carp. Therefore,  the 
spa t ia l  propert ies of L- type hor i zontal ce l l s  reflect the bas ic propertie s of the spread 
of input from s ingle type receptor among the e lectr ical ly coupled hor izonta l ce l l s .  The 
receptive f ie ld became brorder as s t imu lus intens ity inc reased or the more sens it ive 
wave length was used. The resul ts sugges t  that the spatial property of hor i zontal ce l l s  
rece iving input · from s ingle type receptor depends only upon the e ffect ive ly absorbed 
photons in the receptor ;  a pr inc iple of un ivar iance is  a lso  app l icable to the spatial pro­
perty. 
4. 3 .  Spectral and spatial inte ractions m C-type hor i zonta l ce l l  responses  
C- type hor izontal ce l l  re sponses  are  composes  of depo lar iz ing and hype rpo lar i z ing 
components from di ffe rent type cone s .  RIG-type hor i zontal  ce l l s  of the carp rece ive 
hyperpo lar iz ing input from green cone s and blue cone s ,  as we l l  as depo lar iz ing input 
from red cone s1181 • As we saw in F ig. 8, hype rpo lar iz ing inflect ion wh ich was the spread 
of green cone input grew up and cove red the spread of depo lar iz ing input from red cones, 
with dec rements of the s t imulus wave length from 700 to 500 nm. If RIG-type hor izon­
ta l ce l l s  d i rec tly rece ived depo lar iz ing input from red cone s as we l l  as hyperpolar iz ing 
input from green cone s ,  and both inputs transmitted with the same attenuation in the row 
of RIG-type hor izontal ce l l s ,  the spatial d i s tr ibution of the RIG-type hor izontal ce l l  
response mus t  be  monophas ic having a maximal peak a t  the record ing s i te i rre spect ive 
of po lar ity of the response .  The obta ined resul ts ind icate that, howeve r, the spatial 
d i s tr ibution of depo lar iz ing input from red cones d i ffe red from that of hype rpolar iz ing 
input from green cones .  The inputs independently obeyed to the spread prope rty :  the 
receptive f ie ld of each cone input became broader as the correspond ing cone s absorbed 
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mo re photons and the inputs became la rge r m amp l i tude .  F rom the se  resu l ts ,  it is con­
c luded that the inputs from red cone s and green cone s brung out pas s ing through d i ffe ­
rent pathways .  
The inte rac t ions lead ing to the spectral  re sponse prope r t i e s  of  ho r i zontal c e l l s  pro­
bab ly mod i fy the spat ia l  d i s tr ibut ion o f  cone inputs .  RIG- type ho r i zonta l  c e l l s  o f  the 
turt le  rece ive hype rpo lar i z ing input d i rec t ly from green cone s but depo l a r i z ing input from 
L- type ho r i zontal c e l l s  v ia  green cone s(211• A d i fferent conc lus ion was obta ined fo r RIG­
type ho r i zonta l  ce l l s  of  the p ikeperch ;  the i r  spec tral  response p rope r t i e s  we re p roduced 
( l l  
only by pos tsynapt ic  inte ract ions . We have no evidenc e s  to d i f ine the true mechan i s ms 
re spons ible  fo r the spectral  re sponse  p rope r t i e s .  Howeve r,  the resu l t s  of th i s  s tudy 
ind i cate at l eas t  that RIG- type hor i zontal c e l l s  of the carp do not rece ive d i rec t  inputs 
from both green cones and red cone s .  
From the resu l ts of  F igs .  9 and 1 1 , i t  1 s  a l s o  sugge s ted that the three cone inputs 
brought in Y I R B - type ho r i zontal c e l l s  pas s ing through d i ffe rent pathways each o the r. 
Fu rthe rmore ,  the spat ia l  prope r t i e s  o f  C - type hor i zontal c e l l s  are we l l  exp la ined assu­
ming that RIG- type hor i zontal ce l l s  rece ive depo lar i z ing input from photop ic L-type 
ho r i zontal c e l l s  and Y IRB- type ho r i zontal c e l l s  rece ive po la r i ty- inve r t ing input from Rl 
G- type ho r i zontal c e l l s .  Mo rpho log i ca l ly, ho r i zontal c e l l s  are  s trat i f i ed in  some laye r s ,  
photop i c  L- type, RIG- type and Y I R B - type from receptor  te rminal t o  the affe rent d i re c -
• Cfl twn . The a s sumed info rmation flow in  the se  ho r i zontal c e l l s  ag ree w i th the mo rpho lo-
g ica l  ar range ment. 
S ome que s t ions s t i l l  rema in though the spat ia l  d i s tr ibution of C - type ho r i zontal c e l l  
re sponse s  a r e  we l l  expla ined b y  the compo s i t i on of the spat ia l  spread of  d i ffe rent cone 
inputs .  We could not any depo l a r i z ing inf lec t ion in the spat ia l  d i s tr ibut ions of  RIG- type 
ho r i zontal c e l l  responses  fo r green l ight ( F ig.  8 )  and YIRB-type ho r i zontal c e l l  re spon­
ses fo r b lue l ight ( F igs .  9 ,  1 1 ) . If the cone inputs we re l inear ly  summed in the C - type 
ho r i zontal c e l l s ,  a depo lar i z ing infl ec t ion should appear in  the spat ia l  d i s tr ibut ion of  the 
re sponses .  The re fore ,  some non l inear  summat ion seems to mod i fy the spat ia l  p rope r­
t i e s  of  C - type ho r i zontal  ce l l  response s .  
4. CONCLUSIONS 
In the d i s cu s s ions about the re su l ts' ,of  th i s  s tudy, the fo l low ing conc lus ions we re 
obta ined: 1 )  input  from a s ingle type photo receptor spread late r a l ly in the row of  hor i ­
zonta l  c e l l s  attenuat ing i n  ampl i tude w i th d i s tance ;  2 )  the spat ia l  sp read of  the receptor  
input became broade r as  the more photons abso rbed by  the photorecepto r ;  3)  the spat ia l  
d i s t r ibut ion of  C - type ho r i zontal c e l l  respons e s  was compo sed of  some components from 
d i ffe rent type photoreceptor s  that spread independently in the recept ive f ie ld ;  4)  the spa­
t ia l  spread of the photo receptor inputs into C - type hor i zontal c e l l s  was mod i f i Pd by some 
non ] inear  inte ract ions .  
( 2 ) - (20,> In the p revious s tud i e s  we examined the spec tral  and tempo ral  p rope r t i e s  o f  ho r i -
zontal c e l l  re sponses .  Pu tt ing toge the r the resu lts  of  the p revious s tud i e s  and th i s  s tu­
dy ,  the ove ra l l  p rope rt i es  of  ho r i zontal ce l l  re sponses  we re e luc idated. The ro le s of  
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hor izontal c e l l s  for spatial and temporal  information process ing are  low-pass  f i l ter ing in 
the space and time d imens ions, respect ive ly. On the othe·r hand, the i r  ro les  for spect­
ral information p roce s s ing are the co lour cod ing in the mutual ly or thogonal tr i-chroma­
tic components. 
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